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SUMMARY

The theory of supersonic flow in nozzles is discussed, emphasis
being placed on the physical rather than the mathematical point of
view. Methods, both graphic and analytic, for designing nozzles ars
described together with a discussion of design factors. In additiom,
the analysis of glven nozzle shapes to determine velocity distribution
and possible exlistence of shock waves is considered. A description of
a supersonic protractor is included in conjunction with a discussion
of its application to nozzle analysis and design.

INTRODUCTION

One of the majJor problems in the design of a supersonic wind
tunnel is the determinatlion of the contours of the supersonic nozzle
so that parallel and uniform flow in the test section may be assured.
Consequently, it is not surprising that the literature contains
numerous papers on the subject of supersonic'nozzle design. These
vary widely in their degree of complexity and general availability.
It is the purpose of thils report to discuss these various msthods
and present a gulde for nozzle design. Only two—dimenslonal nozzles
will be considered.

The most prominent method for determining nozzle contours is,
perhaps, that of Prandtl and Busemann (reference 1). The usual
presentation of their method of characteristics is rather mathematical
in neture. (See,e.g., Preiswerk, reference 2,) In order to provide
the designer with a clearer physical picture of the flow in a nozzle,
a different interpretetion of the Prandtl—Busemann method is presented.
The diverse systems for constructing nozzle shapes by this method are
also presented, together with certain ramifications and supplementary
useful Information.

The Foelsch method (reference 3) is included because its analytic
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nature offers certaln advantages. These will be dlscussed later.

Shapiro (reference 4) has still another approach to the problem, His .
method, due to its approximate nature and because it-has no special

adventages, will not be comsidered.

BASTC THEORY

It is well known that, In a purely contracting flow, the maximum
uniform velocity that can be achieved across any section 1s that
corresponding to the local velocity of sound. Further increases in
velocity can be obtained only by subsequent expansion of the stream.

The essential and relevant features of a channel designed to
produce supersonic flow are shown in figure 1. A compressible fluid
at virtually zero veloclty in the settling chamber is accelerated
through the eontraction section to sonic speed in the throat where,
if the contraction section is properly designed, the flow is uniform
and parallel. The fluid is then expanded in the nozzle until the
desired Mach number is reached in the test section where the flow
1s agaln uniform and parallel. In the analysis, the nozzle itself
1s divided at the inflection point of the wall into two sections:
initial and terminal. .

It should be noted that there is one additional prerequisite
for the establishment and perpetuation of supersonic flow. This is
the maintenance of at least the minimm pressure ratio between the
settling chamber (pressure = p,) end the test section (pressure = pi)
from reference 5, page 26

7
%t‘l = (1 + 7——2'1* M(;z) ~ (1)

where Mg 1s the Mach number in the test section and 7y is the
ratio of the specific heats of the gas.

An irrotational, nonviscous supersonic flow through a two—
dimensional nozzle may be treated by means of a few simple considera—
tions. First, consider an incident unidimensional supersonic flow over
8 single curved surface. The change In local Mach number between
any two points is a function only of the change in direction of the
stream between the points or the change in direction of the tengents
to the surface at these given points. To consider the flow field
between two curved surfaces, however, it is convenient to replace
each surface by an infinite number of infinitesimslly long stralght—
1line segments, or e finite number with discreet but small length.
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Each adjacent pair of lines thus comstituted forms a cormer. The
supersonic flow about a corner is a classical problem and its salution
is known. The flow between two curved surfaces thus reduces to the
determination of the combined effect of two sets of cormers. This
introduces the problems of intersection and reflection of influence,
or disturbance lines. In addition, the condition requiring uniform
and parallel flow in the test section leads to the concept of
neutralization of disturbance lines. The following sections will
elucidate upon these concepts.:

Flow About a Corner

The flow about -a convex corner formed by two intersecting straight
lines has been treated analytically by Prandtl and Meyer (reference 6,
pp. 243-P46). For any such configuration, three regions of flow exist.
These are indicated in figure 2. The flow is uniform and parallel up—
stream and downstream of the corner in the regions I and III bounded
by the surface and the corresponding Mech lines. In the region II
between these Maéh lines, flow parameters are constant along radial
lines (each of which is a Mach line) emanating from the vertex of the
corner.

The fundamental equation of flow-about-a—corner is (fig. 3)

e @) o

where V¥ 1is the expansion angle or the angle through which the flow
is turned in accelerating from a locel Mach number of unity to any
glven Mach number M, o 1s the corresponding Mach angle

1
o = s:Ln‘“'L -
M
end
2 _7+l
K --———7_1

Obviously, if v is known in any region, the Mach number is deter—
mined by equation (2) and can be found.

Let the subscripte 1 and 2 refer to conditions in regions
I and III, respectively, of figure 2, then the angle through which
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the flow 1s turned in accelerating from a Mach number M; +to Ms,
that 1s, In going from region I to III, 1is

2~V (3)

In other words, the change In expansion angle is equal to the absolute
value of the change In stream deflection through an expansion region
due to a single corner. :

If the stream deflectlion angle & 1s small, then all the sxpan—
slon may be considered to take place along the average Mach lines as
gshown in figure 4. This line, no longer a line of propagation of an
infinitesimal disturbance, now takes on certain characteristics of a
shock wave; namely, the flow through it suffers a finite change in
direction and Mach number. It 1s usually referred to as an expansion
wave. Little error is introduced by making these assumptions and, as
6 approaches zero, the error vanishes. It 1s convenient to define
the strength of a wave as the angular deflectlon of the stream that it
produces., This ls numerically single valued for expansion waves and
week oblique shock waves.

Flow Paramesters

Flow conditions are completely determined by the paremeters v,
the expansion angle, and 0O, the stream angle relative to some datum
line usuelly taken as the flow directig{l in the throat. These coordi—

nates are usvally writtem v, 06, or g/

Intersection of Expanslon Waves

The problem of the interactlion of the expansion waves fram two
opposed convex surfaces, such as the initial portion of a nozzle,
may be consildered in its elementary form: the intersection of two
expansion waves as depicted iIn figure 5.

It follows from reference 2, pp. 5558, that the angular change
in directlon of the stream through an expanslon wave 1s constant along
its length regardless of the direction or velocity of the flow in front
of the wave; that is to say that the expansion waves pass through each
other mutually wmaffected 1n strength, although thelr inclination is
altered. Thelr effect on the flow may be determined by superposition
of individual effects.

Consider the two expansion waves shown In figure 5. For con—
venience, they are designated (1) and (2) and have strengths of +e
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and -5, respectively. The upper streamline shown 1s deflected up
through an angle € by (1) and down through an angle & by (2). The
total angle through which it is deflected is thus +(e-3). Similarly,
the lower streamline is deflected first downward by (2) then upward
by (1). Tts final asngle is the same as for the upper streamline and
is equal to 6 + €-5. In a like msnner, the final expansion angle can
be found to be Iinorsased by €+5 for both streamlines.

Reflection of Expansion Waves by a Wall

Conditions resulting fram the reflection of an expansion wave by
a boundary may be determined by utilizing the well-¥kmown mirror—image
concept. Thus, the wall may be replaced by a streamline in a fictitlous
flow comprised of the original flow, plus an image flow field, as shown
in figure 6. 'The problem of the reflection of expansion waves by a
wall then becames that of the intersection of expansion waves. The
latter problem was the subject of the preceding section.

This concept may be applied in a converse manner in the design
of symmetrical nozzles. In this case, the straight center line of the
nozzle is replaced with a wall, Thus, the amount of work is halved.

Neutralization of Expansion Waves

If a shock wave of infinitesimal strength is superimposed on an
expansion wave of equal strength (and by definition opposite in sign),
the flow is unchanged after passing through both. This is also very
nearly true if the waves have a finite but small strength. Therefore,
if at the point where an expension wave hits the wall a campression
wave of equal strength is created, the expansion wave will be
neutralized. Such a compression wave can be created, as 1llustrated
in figure 7, by an angular changs 1n direction of the wall equal to
the strength of the given expansion wave. The direction of the
deflection should be such as to form a concave corner.

Flow in a Nozzle

The flow throughout a two—dimensionsl nozzle can be determined
by use of the previously discussed concepts. The flow coordinates
in the nozzles shown in figures 8 and 9 are presented to illustrate
the method. While symmetrical nozzles are discussed predaminantly
herein, the concepts involved apply to supersonic flows in general.

The angle between the wall at its iInflection point and the
center line (for symmetrical nozzles) is of importance in nozzle
design. For shapes simulated by straight—line segments, this
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inflection point appears as a reglon. ILet the subscript 1 refer to
conditions in thls region immediately preceding the point at which
neutralization first takes place. These positions are denoted by
arrows in figures 8 and 9.

The following relatlon then becomes apparent:

Yy + 63 =V (%)
In addition, it is obvious that the maximum value that 6; can have
for shock—free flow occurs when 6; = Vi oOr

O1p0x = %‘ Vg (5)

It should be noted that, if the Initial curve is not approximated
by stralght—line segments, 63 can equal V; only for a nozzle which
has an abrupt expansion at the throat as shown In figure 10. However,
for such a nozzle, 1t 1s still possible for 6; 1o be less than vt/e,
provided that some of the expansion waves are allowed to be reflected
before they are neutralilzed.

For any smooth initial curve, that is, with no discontinuity I1n
ordinate or slope from the sonlc section to the inflection point,
v 1s greater then |6| for 6 # O. This condition appears to be
violated in the nozzles shown in figures 8 and 9, wherein there exist
certain regions along the wall where vV equals 6. The explanation
of thils lies in the fact that the wall was simulated by a finite number
of corners. The error introduced by this assumption is approximetely
glven by

0<Voxact ™ Va.;gprox

wvhere O 1s the angular deviation of each cormer. In the cases
1llustrated in figures 8 and 9, & equals 2°. Conmsequently, V

is actually greater than 6. This error 1s usually small and can be
ignored wlthout serious consequences.,

For any given Mach nmumber, while there are an iInfinite number
of satlgfactory nozzles, there 1s one Invariant parameter: +the ratio
of the areas of the test sectlon and throat (referemce 5, Pp. 34)

Ap 1 [2 + (y-1) M2 } <7—l>

A% T Mg 7+1

A¥ Mg
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where A 18 cross—section area (or height in a two—dimensional nozzle),
the * refers to conditions in the throat (sonic section), and the sub—
script t refers to conditions in the test section.

METHODS OF NOZZIE DESIGN AWND ANALYSIS
Busemann's Method

Busemenn's method for deslgning nozzles (reference 2) consista of
assuming an initial curve and finding the terminal curve required to
give uniform and parallel flow in the test section at the desired Mach
numbexr.

In ordsr to design a nozzle for a Mach number Mt, first find the
corresponding expansion angle Vi. Assume an initlal curve, and simu—
late it by a series of preferably equiangular corners. Then, starting
at the throat and proceeding downstreem, determine the flow fleld in
torms of the parameters v and 6. This ls discussed from the
theoretical point of view in preceding ssctlons. In subsequent
gections, actual methods of analysils will be described.

A1l expansion waves incident upon the well upstream of the point
where 6 + V = Vt should be reflected and those incldent downstream
of this point should be neutralized. Thus, this point becomes the
inflection point of the wall.

It is interesting to note that, while the initial curve is
arbltrary, thé corresponding terminal curve is unique once the
initlal curve 1is established.

For an infinitely fine mesh of expansion waves, this method is
exact. Moreover, for a finite mesh size, the finer it is, the more
accurate is the analysis.

This method 1s, perhaps, most useful 1n designing nongonventional
nozzles, since for conventlonal types, the Foelsch method (to be
described later) is more convenient.

Puckettl!s Method

Puckett, in reference 7, introduced a variation of Busemann's
method for designing nozzles. Its advantages will be discussed
subsequently. The method comsists briefly of starting at the middle
of the nozzle and working toward both ends.
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The flow through the nozzle at the maximum expansion section
(inflection point) is assumed to have a uniform speed and wniformly
verying directlon of flow. Such condltlions are illustrated in figure 11.
The stipulation of these boundary conditions hag bsen found from
experlence to be reasonable. With these boundary velues, the terminal
sectlon of the nozzle can be determined by the same method as for the
original type Busemarm nozzles. By working backward in a like manner,
an inltial section can also be constructed. Moreover, if 6; 1g less

than 0i;,,, then one or more of the expansion waves must have been

reflected. Since there 1s a choice as to which wave 1s reflected,
there 1s more than one Initlal curve that will provide the specified
flow at the maximm expansion section. In fact, if the mesh size 1s
allowed to become Infinitely fine, then 1t follows that there ars an
Infinite number of initlal curves that correspond to this terminal
curve., This same agreement obviously holds for initial curves
corresponding to other terminal curves.

While, however, there are an infinite number of suitable initial
curves for each terminal curve, this does not infer that any contour
gatisfying the area-ratio requirement 1s sultable. On the other hend,
the error Introduced by using an arbltrary curve can be lgnored for
most practical purposes, provided that a certain amount of care is
taken. In a later sectlion & simple method for the design of such
initial sections will be discussed.

There are several advantages to Puckett's method. First, if
the simplified method for designing the inltlal section 1is used, the
time or work involved in designing a nozzle 1s approximately halved.

The second advantage becomes epparent during the actual calcu—
lation of nozzles. In the original Busemann method, expansion waves
are originated at certain points along a smooth initial curve; that
is, the gpacing of the expansion waves 1g orderly, although it need
not be uniform. When a finlite mesh size is used, sometimes expansion
waves are reflected fram the wall at such polnts as to destroy the
orderliness of the spacing of the ensuing expansion wave pattern.

The resulting terminal curve thus acquires slight irregularities.

These irregularities disappear as the mesh size becomes Infinitely
fine and, In practice, one usually draws a falred curve through them.
The Puckett method does not avoid this difficulty, but neglects 1t

by assuming that the terminal curve is not affected by the wave pattern
of the 1nitial curve.

Foelsch'!s Method

Foelsch's method (reference 3) 1s similar to Puckett's insofar
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as one starts at the Inflection polnt of the nozzle and proceeds in
both directions. It differs slightly in boundary conditlons but its
main difference and direct advantage 1s that 1t is analytic. Only

the portion of Foelsch's theory which deals with the expansion section
will be discussed here. '

The assumptions of this method, or rather 1ts boundary conditions,
may be variously stated (£fig. 12): (1) Along the Mach line emanating
from the inflectlon point, the velocity vectors are co-original, (2)
the Mach number is constant along the arc of the circle which passes
through the inflection point of the wall perpendicularly (and obvlously
its center is the origin of the velocity vectors), (3) in the region
between thils arc and the Mach line from the inflectlon point, the Mach
number 1s a functlon solely of the radlus from the vector origin.

Using the following notation (fig. 12)

r distance from vector origin to arbitrary point on Inflection
point Mach line

ro hypothetical r for M =1

A length of Mach line between inflection—point Mach line and
f£inal curve ’

x coordinates measured from sonic sectlon

y coordinates measured from center line

X1,y coordinates of Inflection point

X2,y2 running coordinates of inflectlon—point Mach 1line
Yo semlhelight of sonic section of nozzle

H height of test section (2y4)

1t can be shown that

ro = g% (61 1n radians) (7)
r =1, (A/A%) (8)
ry =ro (Ay/A%) = T2 (=)

s8ln 6,




NACA TN No. 1651

10
or
sin 61 /A
I 1(—1 (61 1in radians) (9b)
Yo 61 \Ax*
1 =Mr (v—-v;) (v in radians) {10)
Xz — X3 =—T3 €08 03 + T cos (Vg — V) (11a)
y2 = 8in (vg — V) (11p)

and the coordinates of the terminal cuwrve are

X—X3=Xp2—X1+1cos (Vg —V +a) (12a)

Yy=yz2+1s8in (vi -V +a) (12b)

the length of the terminal section (in test—section heights) is

Tpx 1 — 1 A* Ay
- 5-:1/Mt _1+E l—A—tK;cosel> (61 in radians) (13)

By varylng the Mach mumber M along the termipal curve from M;
to Mg apd determining the corresponding velues of «, Vv, r, and 1,
the coordinates of the terminal curve can be found and are determined
as a function of condlitlions In the test section and at the inflection
point. Table I i1s included to facilitate these calculations. The
Initiel curve, as for the Puckett method, may be treated separatelye.

It can be seen that the mesthods of Puckett and Foelsch are qulte
similaer with regard to boundary conditions, the former having a constant
Mach number along & stralght 1ine and the latter along a circular arc,
Both assumptions are equally plausible. The difference between these
assumptlions manifests itself 1n a slight and inconsequential lengthening
of the Foelsch nozzle relative to the corresponding Puckett nozzle.

The analytic nature of the Foelsch method allows nozzles to be
determined to any desired degree of accuracy and wilthout any such
apparatus (to be described leter) as that required for the graphical
methods.
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It is interesting to observe that this method is one of the few
exect analytic solutions of the general nonlinear potential equation
for compressible supersonic flow.

The Imnitial Curve

The initial curve, either exzact or approximate, must satisfy
certain geometric boundary conditions: It must satisfy the area—
ratio requirements. It must have zero slope at the sonic section
and the same ordinate, slope, and curvature (zero) at the inflection
point as the terminal curve. The ordinate, slope, and curvature
should vary monotonically between the sonic section and the inflection
point. A simple function satisfying these limitations is

@2 6-R)

from which it follows that

o] [BV

X, = (y1 — ¥5) cot 6, (15)

Experience has shown that this approximate initial—curve function
can be used for both the Puckett and Foelsch methods without any
serious error. For the original type Busemann method, this curve can
be similated by appropriate straight—line segments. In this case the
curve becomes exact.

Anelysis of Nozzles

The analysis of given nozzles to determine the veloclity distri—
bution in the test section and ascertain the existence or nonexlstence
of shock waves 18 a process very similar to the design of nozzles. In
fact, the procedure for the initial portion of the nozzle is identical.

In the terminal section, instead of neutralizing the expansion
waves, they are all reflected and compression waves started at appro—
priate places., For small angular deflections, compression waves may
be considered simply as negetive expansion waves. In practice, where
an expansion wave is incident upon a wall near the posltion where a
compression wave (of the same numerical strength, but opposite sign)
originates, they may be considered to neutralize each other.

Thus from the coordinates ¥ and 6, the velocity distribution
in the test section can be found. The locetion of possible shock
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waves 1s indicated by a region of converging Mach lines (or compression
waves) — the greater the concentration of converglng waves, the gtronger
the shock. A weak concentration of slowly convergling waves may be too
weak to show up In a schlleren photograph or to have any noticeable
effect; hence, the term "possible" shock waves was used. A nozzle
exhibliting a reglon of converging waves 1is shown schematlcally in

figul'e 13.

EFFECT OF VARTATION OF PARAMETERS

The maJjor parameter Involved in the design of nozzles 1s 9,
or, perhaps, rather elﬁlvt. The length of the nozzle is 1ntimately

assoclated with thls parameter.

As previously stated, the maximm value that 63 can have for
shock—free flow at a given Mach number is %Vt. A nozzle so0 deslgned

will be the shortest possible for that Mach number and must have a
sharp throat such as the one shown in figure 10 with v, = %"t- The

other extrems In designing nozzles is setting 6; = 0. This would
require that the nozzle have infinite length.

There are, of course, certain obvious disadvantages in designing
a nozzle too long or too short. An excessively long nozzle incurs
adverse boundery—layer effects of two kinds: First, the longer the
nozzle, the thicker the boundary layer, other conditions being the
same. Since boundary—layer thickness is, at the present times, not very
amenable to precise calculation, a given percent error in boundary-—
layer calculation is more serious when the boundary layer is thick. The
result is that flow in the test section is less likely to be uniform,
parallel, and shock free. Second, a thicker boundary layer represents
an unnecessary waste of energy.

An excessively short nozzle, on the other hand, is liable to
other troubles. A minimm-length nozzle has for a given Mach number,
the maximm number of expansion waves (considering each to be of
finite strength) concentrated into the minimm space. A longer nozzle
achleves the same Mach number by reflecting some of the waves. Thus,
1t has fewer of them and these are extended over a wlder range. This
1s to say that the expanslion waves are more concentrated in shorter
nozzles., It is then apparent that they are more sensitive to proper
design than longer ones. Designing nozzles 4o be somewhat longsr than
the minimm Incorporates what might be termed a safety factor. In
additlion, there is less llkellhood for such a nozzle to have oscil-
latory flow.
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The tendency at some German laboratorles waes to deslgn nozzles
with lengths equal to or sllghtly greater than the minilmm, While
most of these nozzles were clalmsd to be satisfactory, subsequent
experlence has shown that smsll gradlents previously believed negli-—
gible have been found to exert strong Influences on test results.

Puckett, In referemnce T, suggests_using 6: equal to from one—
half to two-thirds of 8, (elmx = % V¢). It 1s believed that at

low Mach numbers such nozzles will be unnecessarlily longe.

At the present tlme there are Insufficlent experimental data to
say exactly how a nozzle should be designed. However, experience up to
the present time Indicates that a value of

61 = (g)ﬂs <.‘g°-> (for air) (16)

willl provide a good worklng hypothesis for Mach numbers up to about
five. ’

The precedling equation 1s restricted to alr only because of the
limitations of past experlence. The gemeral consideratlons discussed
hereiln, however, apply to helium or any other compressible fluid.

CONSTRUCTION OF FLOW FIELD — SUPERSONIC FROTRACTOR

The determination of the flow fleld 1n a nozzle has been dlscussed
previously from the theoretical point of view. It remailns now to show
how to construct or determine the orientation of each of the Mach line
(or expansion wave) segments which meke up the net that determines the
flow field. (See figs. 8 and 9.)

Various methods have been proposed to do this, Analytic methods,
such as the one described in referemce 8, have been devised but are
extremely tedlous. Graphical methods have been found sufficlently
accurate for most deslgn or amlysis purposes. On the other hand, the
annlytic nature of the Foelsch method allows ordinates to be determined
simply and precisely. The main use of the Busemann theory is, at the
present time, usually restricted to the deslign of nonconventional
nozzle shapes and the analysls of any given shape.

A graphicel method based on the use of characteristic theory and
the hodograph plane is described in reference 2. However, this method

has been superseded by the so-~called "supersonic protractor" (reference 9),
a modification of which 1s described herein.

i
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It is assumed that conditions along an expansion wave are the
average of those Iin the regions 1t separates. IXach segment 1s thus
characterized by the palr of coordinates V and 8. For each value
of v and 0, there are two possible orientations of an expansion
wave. These correspond to the two Mach lines produced by a point
disturbance. The angle made by an expansion wave with the datum.line
1s 6 + o for the wave dlirected upward in the stream direction and
6 — a for the one directed gimilarly downwerd. These two cases are
shown in figure 1k.

The supersonic protractor has two essentlal parts which may be
described independently. The first, shown in figures 15(a) and 15(b)
consists of a semiclrcular transparent disk, plvoted at its center,
and with a stralght edge attached. It is graduated along its
clrcumference such that when the deslred v 1is set over the datum
line, for example, V = 30°, a 1s represented as shown. That this
is possible follows fram equation (2):

v =k tan (2 °°> - <9o° - a> (2)

K

The gecond plece, shown in figure 16, consiste simply of a
clrcular disk graduated along 1is clrcumference in degrees. This
gcale represents the stream direction 6.

If the former part of the protractor, that providing a«, 1s
rotated through an angle equal to the stream dlrection 6, the required
orientation of the Mach line (or expamsion wave) is thus determined.
This 1s accomplished with the protractor by superimposing the former
upon the latter concentricelly and rotating the former until the
deslred v 18 set over the desired 6. This is shown schematlically
in figures 17(a) and 17(b), and the similarity of these with figure 1k
should be noted. Thus, while the end polnts of certaln expansion-wave
segments may be dependent upon the previous one, each in its turn can
be orlentated simply by means of this protractor, knowing, of courss,
v and 8.

Teble IT, contalning values of a corresponding to even values
of Vv, 18 included for calilbrating the supersonic protractor. It
should be noted that 1f the amount of work involved does not Justify
the construction of this protractor, a drafting machine may be substi-—
tuted. In this case, 6 & a can be set with the aid of table II.

BOUNDARY-TAYER CORRECTION

The problem of correcting nozzle contours for the constricting
effect of the boundary layer has not been given adequate consideration
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in the past. However, reference 10, which contains a method for

estimating boundary-layer thickness, has been found useful.

amount of experimental boundary:

reference 7.

walls are corrected to allow for the boundery layer on all four.

design satisfactory nozzles either graphically or analytically.

15

A small
—layer data is also included in

The manner of applyling the correction itself is quite simple. -
One merely increases the nozzle ordimates by an amount equal to the

displacement thickness of the boundary layer.
desirable to keep two walls parallel.

It is sometimes

In this case, the other two

CONCLUDING REMARKS

Using the methods discussed in this report, it is possible to

While the analytic method is to be preferred in design, the graphic

method can be extended to iInclude the analyeis of given nozzle
shapes to determine flow characterlstics.
which permits rapid graphical analysis and design 1s described.

correction for boundary layer has been included.
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TABLE I.— ESSENTIAL PABAMETERS IN BOZZLE DESIGN
[ 7 —1.%00 (air) ]

P A%

P . a v P A_*
Pq A (deg)| (deg)

Py A (d:é) (dgg)

=

M

=

0.5283 { 1.0000 | 90.00] ©
52211 .9999 | 81.93| .OW4T3
5160 | .9997 | 78.64| .1257
5039 | .9993 | 76.1k| .2294
5039 | .9987 | T4+.06] .3510
L4979 .9980 | T2.25] 48Th
4919 | .9971 | 70.63| .6357
L4860 | .9961 | 69.16) .7973
48001 .9949 | 67.81] .9680
LTho | L9936 | 66.55 | 1.148
L4684 | 9921 | 65.38( 1.3356
L6261 .9905 | 64.28( 1.532
4568 1 .9888 | 63.23( 1.735
4511 | .9870 | 52.25 | 1.944
J55 | L9850 | 61.31 2.160
4398 | .9828 | 60.41| 2.381
4343 | .9806 | 59.55 | 2.607
A7 42871 .9782 |58.731 2.839
A8 Jh23e L9738 | 57.94 | 3.07k
A9 4781 .9732 |57.18( 3.31%
20| 12k | .9705 | 56.4k4| 3.558
21| ko070 | .9676 {55.74| 3.806
LHOLT | L9647 | 55.05 | k.0S5T
.23 | 396k | .9617 |54.39| k.312
2h | 3912 | .9586 [53.75 | 4.569
251 .3861| .9553 {53.13| 4.830
261 38091 .9520 {52.53} 5.093
27| 3759 | .9486 | 51.94] 5.359
281 .3708{ .9451 {51.38] 5.627
29| .3658 | .9415 |50.821 5.898
.3609 | .9378 | 50.28] 5.170
.3560 | 9341 [L49.76| 6.445
.3512 1 .9302 {49,251 6.721
3464 1 .9263 [ 48.75| T7.000
a7l 9223 | 48271 7.279
.3370 | .9182 | 47.79} 7.561
.3323 | .91k1 | 47.33] 7.844
3277 | .9099 | 46.88] 8.128
.3232 | .9056 | 6.4 | 8,413
.3187| .9013 | 46.01| 8.699
312 | .8969 | 45.58] 8.987

0.2724 [0.8502 | 41.81 | 11.91
2646 | .8hok | 41,1k | 12.49
.2570 | .830% | 40.49 | 13.09
.2h96 | .8203 | 39.87 | 13.68
2423 | .8101 | 39.27 { 1k.27
.2353 | .7998 | 38.68 | 14.86
2284 | ,7895 | 38.12 | 15.45
.2217 | .T791 | 37.57 | 16.04
2151 | .7686 | 37.0k | 16.63
.2088 | .7581 | 36.53 | 17.22
2026 | 7476 | 36.03 | 17.81
.1966 L7371 | 35.55 | 18.40
.1907 | .7265 |35.08 | 18.98
1850 | .7160 | 34.62 | 19.55
L1794 | 705k | 34,18 | 20.15
1740 | L6949 | 33.75 | 20.73
.1683 | .6845 | 33.33 {21.30
1637 | .6740 | 32.92 [ 21.88
1587 | .6635 {32.52 | 22.45
.1539 | .6533 | 32.13 | 23.02
492 | 6430 {31.76 | 23.59
JAukT | 6328 | 31.39 | 24,15
1403 | .6226 {31.03 |2Lk.T1
1360 | .6125 | 30.68 | 25.27
.1318 | .6025 | 30.33 | 25.83
.1278 | .5926 | 30.00 | 26.38

- .1239 | 5828 [ 23.67 | 26.93
1201 | .5730 {29.35 [27.48
164 | 5634 | 29.04 [ 28,02
1128 | .5538 [ 28.74 | 28.56
1094 | 5k | 28.44 | 29,10
.1060 | .5350 {28.14 | 29.63
1027 | 5258 127.85 | 30.16
.09956 | .5167 | 27.58 | 30.69
09650 | 5077 }27.30 | 31.21
.09352 | .4988 { 27.0k | 31.73
.0906k4 | 4900 | 26.77 | 32.25
.08785 | 4813 {26.51 | 32.76
0851h | hT727 | 26.26 | 33.27
08252 | 4643 | 26.01 | 33.78
07997 | 4560 | 25.77 | 34.28

= e = HODODOOOOOO ¢
MO REOREE3RI]ASIRERRS

L] *

L] . - L] '3
L] * . L] . L] L] .
EER R R FRE SRR 8RR S RREIEIAIENIZIRLIIRRER S

L]
FESESEFLUWWLWWWWWWWW
mimg\omﬂm\n:wmn—-o

e N N N N R e e ol e ol ol el el ol e el ol e el e o el el el e el

ekl el ol el ol el ol ol ol ol ol el e ol o e i el el ol el ol ol el e el el N el N el el el N N e N el o
n
no

. .3055 | .8880 {4h.77] 9.555 32| 07751 | .4h78 [ 25.53 | 34.78
2969 | .8788 {43.98110.15 341 .07512| .4397 j25.30 | 35.28

2886} .8695 { 43.23|10.73 2.36 | .07281 1| .4317 |{25.07 |35.77

1.48 1 .2804 | .8599 | L42.51l11.32 2.38 1 .07057| .4239 | 24.85 | 36.26

lAd.a.pted from Notes and Tables for Use in the Analysis of Supersonic Flow
by the staff of the Ames 1— by 3—foot supersonic wind-—tunnel section,
NACA TN No. 1428, 1947.
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TABLE I.— CONTINUED. ESSENTIAL PARAMETERS USED IN NOZZIE DESIGE'

* a v P o2 A® a v

M %; ﬁf' (aeg) | (aea)]| ™ Po 0 A (deg) | (aeg)
2.40 [0.06840 | 0.4161 |2k.62 | 36.75]| 4.00 | 6.586 0.09329 |1h.48 | 65.78
2.42 | .08630 L4085 {24.41 | 37.231 .10 | 5.769 .08536 |1k.12 | 57.08
2.4 | .06426 L4010 {24.19 | 37.71|] 4.20 | 5.062 .07818 |13.77 | 68.33
2.485 | 06229 .3937 {23.99 | 38.18}| 4.30 | 4.449 07266 |13.45 | 69.54
2.48 | .06033 .386k4 |23.78 | 38.66| 4.40 | 3.918 .06575 {13.14 | 70.71
2.50 | .05853 .3793 |23.58 | 39.12]|] 4.50 | 3.455 .06038 |12.84% [ 71.83
32 | 0557k .3722 |23.38 | 39.59|{ k. 3.053 .05550 }12.56 | 72.92
.54 | .05500 .3653 {23.18 | 40.05}} L. 2.701 .05107 |12.28 | 73.97
.56 | .05332 .3585 [22.99 { 40.51}| 4. 2.394 .04703 |12.02 | Th.99
58 | .05169 .3519 |22.81 | 40.96]| 4. 2.126 .04335 {11.78 | 75.97
50 | .05012 L3453 jeo.62 [ 1.k 1.890 .04000 |11.54 | 76.92
62 | .0h859 .3389 |22.4k | 41.86 1.683 .0369% J11.31 | 77.84
84 | .ok711 .3325 {22.26 | 42.31 1.501 .03415 111.09 | 78.73
.66 | .04568 .3263 |22.08 | 42.75 1.341 .03160 {10.88 | 79.60
.Olihog .3202 |21.91 | 43.19 1.200 .02926 [10.67 | 80.43

.04295 L3142 |21.7h | 43.62 1.975 .02712 |10.48 | 81.2k

.0l165 .3083 {21.57 | 44,05 .9643 .02516 [10.29 | 82.03

.0k039 L3025 |21.41 | 44,48 .8664 -] .02337 |10.10 | 82.80

.03917 .2968 |21.24 | 4h.01 .TT94% .02172 | 9.928| 83.54

.03799 .2912 121.08 | 45.33 . 7021 .02020 | 9.7581} 84.26

.03685 .2857 [20.92 | 5.75 .6334 .01880 | 9.594 | 84.96

.03574 .2803 |20.77 | 46.16 L5721 01752 | 9.435{ 85.63

.03457 .2750 |20.62 | 46.57|| 6. .517h .01634 | 9.282] 86.29

.033563 .2698 |20.47 | 45.98 RS .01525 | 9.133] 36.94

Lh2k7 .olk2k | 8.989 | 87.56

.03263 2648 120.32 | 47.39
.3855 .01331 | 8.850] 88.17

.03165 .2598 120.17 | ¥7.79

. .03071 .2549 |20.03 | 48.19 .3503 .01245 | 8.7151 88.75
.02980 .2500 [19.89 | 48.59 .3187 .01165 | 8.584| 99.33
.02891 .2453 119.75 | 48.98 .2902 .01092 | 8.457] 89.89
.02805 2407 119.61 | 49.37 .2645 .01024 | 8.333 | 50.44
.02722 .2362 [19.47 [L49.76 .2h6 .009602| 8.213| 90.97
.02526 .2252 119.14 {50.71 .2207 .009015| 8.097 | 91.49
.02345 .2147 [18.82 [51.65 .2019 .008469| T7.984 | 92.00
.02177 .2048 |18.51 |52.57 .1848 .007961| 7.873] 92.49
.02023 .1953 {18.21 |53.47 L1694 .007490] 7.766 | 92.97
.01880 .1863 {17.92 |5k4.35 .1554 .007050| 7.662| G3.44

ko7 .006641| 7.561 | 93.90
L1312 006259 T.452( 9k.3%
.1207 .005903| 7.366} 94.76
L1111 .0055TL) T.272 ] 95.21
L1024k .005260| 7.181| 95.62
0948 | .oo0k970( T7.092| 96.03
.08723 | .0046981 T7.005{ 96.43
.008629 | .1117 |15.26 | 63.04 .08060 | .oohkhly| 5,920 96.82
.007532 ] .1021 |1k.86 |6k.hk .0Th5h | .o04206( 6.837) 97.20

lAdapted from Notes and Tables for Use in the Analysis of Supersonic Flow by
the staff of the Ames 1— by 3—foot supersonic wind—tunnel section. NACA
TN No. 1k28, 1947.

01748 LTTT 117.64 | 55.22
.01625 .1695 |17.37 |56.07
.01513 L1617 |17.10 | 56.91
.01408 1543 116.85 |57.73
.01311 .1473 |16.60 |58.53
.01138 .1342 116.13 | 60.09
.009903 | .1224 [15.68 | 81.60
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TABLE I.— CONCLUDED.

ESSENTIAL PARAMETERS USED IN NOZZLE DESIGN'

P a08 | Eaps| o v
Po A (deg) | (aeg)

0.06896 | 3.981 | 6.756 97.58
.06390 | 3.773 | 6.677 97.94
.05923 | 3.577 { 6.600 98.29
05494 | 3.392 | 6.525 98.64
.05101 | 3.219 | 6.451 98.98
.04739 | 3.056 | 6.379 99.32
0bho5 | 2.903 | 6.309 99.65
.0k099 | 2.759 | 6.240 99.97

=2

OV O~V HFWN H O\ M= oW

.03816 | 2.623 | 6.173 | 100.28
.03555 | 2.495 | 6.107 | 100.59
.0331k | 2.374 | 6.042 | 100.89
.03092 | 2.261 | 5.979 { 101.19
.02886 | 2.153 { 5.917 | 101.48
.02696 | 2.052 | 5.857 | 101.76
.02520 | 1.956 | 5.797 | 102.0%
1 .02356 | 1.866 | 5.739 | 102.32

lAdapted from Notes and Tables for Use in
the Analysis of Supersonic Flow by the
staff of the Ames l- by 3—foot supersonic
wind-tunnel section. NACA TN No. 1428,

1947. NGRS
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TABLE IT.— PARAMETERS USED IN CALTBRATING SUPERSONIC PROTRACTOR
[7 = 1.400 (air)]
v e 7 v [«2
(deg) M (deg) (deg) M (deg)
o] 1.0000 90.00 i 2.7L79 21.59
1 1.0808 67.70 L5 2,7643 21,21
2 1.1328 61.96 46 2.8120 20.83
3 1.1770 58,17 Lt 2.8610 20,46
4 1.2170 55.29 48 2.9105 20.09
5 1.2554 52,77 L9 2.9616 19.73
6 1.2935 50,63 50 3.0131 19.38
T 1.3300 48,75 51 3.0660 19.06
8 1.3649 h7.,11 52 3.1193 18,70
9 1.4005 45,57 53 3.1737 18.38
10 1.4350 L) ,18 5k 3.2293 18.04
11 1.4688 4o,92 55 3.2865 17.72
12 1.5028 k.72 56 3.3451 17.40
13 1.5365 %0.60 57 3.4055 17.08
14 1.5710 39.53 58 3.4675 15.76
15 1.6045 38.54 59 3.5295 16.46
16 1.6380 37.63 - 60 3.5937 16.16
7 1.6723 36,73 62 3.7283 15.56
18 1.7061 35.88 64 3.8690 14.98
19 1.74801 35.08 66 4.,016L 1k 42
20 1.7743 34,31 68 4,1733 13.86
21 1.8090 33,54 70 4,3385 13.33
22 1.8ih5 32,83 72 4.,5158 12,79
23 1.8795 32,15 Th 4,7031 12.28
oL 1.9150 31.49 T6 4,9032 11.76
25 1.9502 30.85 78 5.119 11.27
26 1.9861 30.23 80 5.349 10.78
27 2.,0222 29,64 82 5.595 10.29
28 2,0585 29,06 84 5.867 9.81
29 2.0957 28.49 86 5.155 9.35
30 2.1336 27.97 83 6472 8.88
31 2.1723 o7. k1 90 6.820 8.43
32 2,2105 26,90 92 T.202 7.98
33 - 2,2492 26,40 9k 7.623 T.54
34 2,2835 25,91 96 8.093 7.10
35 2,3288 25,43 I 98 8.622 6.67
36 2.3688 2L .99 100 9.210 6.23
37 2.4108 2,53 102 9,887 5.80
38 2.4525 2. 07 104 10.558 5.38
39 2.holp 23,64 108 12.58 L,.56
4o 2.5372 23,22 112 15.37 3.73
43 2.5810 22.80 116 19.70 2.91
o 2.6254 22,38 120 27.29 2.10
43 2.6716 21,98 Li 124 4,08 1,30

lAﬂ.apted from reference T.
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Figure 2.~ Supersonic flow about a corner:
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Figure 3~ Supersonic flow about a corney
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NACA TN No. 1651 23

7
_ 1 I

//////////’F//M
/7
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of flow about a small corner.
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Figure 6.- Reflection of an exparnsion
wave by a wall.
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(a) Mach /ine directed upward
/11 strears direction
chream_

(b) Mach line directed downward
n sfrearn directron

Figure 15.- Upper half of supersoric
profractor.
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(a) Mach Iline directed upward /#7
stvearn directron

Stream
Direction

(b) Mach line directed dowriward
/N strear? direc?r/on

Figure /7~ Assembly of supersonic profvactor.
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